Biological materials exhibit complex nanotopology, i.e., a composite liquid and solid phase structure that is heterogeneous on the nanoscale. The diffusion of nanoparticles in nanotopological environments can elucidate biophysical changes associated with pathogenesis and disease progression. However, there is a lack of methods that characterize nanoprobe diffusion and translate easily to in vivo studies. Here, we demonstrate a method based on optical coherence tomography (OCT) to depth-resolve diffusion of plasmon-resonant gold nanorods (GNRs) that are weakly constrained by the biological tissue. By using GNRs that are on the size scale of the polymeric mesh, their Brownian motion is minimally hindered by intermittent collisions with local macromolecules. OCT depth-resolves the particleaveraged translational diffusion coefficient (D T ) of GNRs within each coherence volume, which is separable from the nonequilibrium motile activities of cells based on the unique polarized light-scattering properties of GNRs. We show how this enables minimally invasive imaging and monitoring of nanotopological changes in a variety of biological models, including extracellular matrix (ECM) remodeling as relevant to carcinogenesis, and dehydration of pulmonary mucus as relevant to cystic fibrosis. In 3D ECM models, D T of GNRs decreases with both increasing collagen concentration and cell density. Similarly, D T of GNRs is sensitive to human bronchial-epithelial mucus concentration over a physiologically relevant range. This novel method comprises a broad-based platform for studying heterogeneous nanotopology, as distinct from bulk viscoelasticity, in biological milieu.
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dynamic light scattering | plasmon resonance | nanoparticle diffusion | diffusion in mucus | diffusion in extracellular matrix B iological fluids (e.g., blood, mucus, saliva, synovial fluids) and soft solids [e.g., collagen, extracellular matrix (ECM), cytoskeleton] consist of a milieu of small molecules (making up the solvent) and large molecules (proteins and polymers making up the mesh or matrix) that are collectively responsible for their viscoelastic nature. Traditional rheological methods characterize the bulk viscoelastic properties of such biological media. However, nanoscopic objects, such as viruses and drugs that are smaller than the polymeric correlation length of the biological tissue network, encounter mechanical environments that are entirely different from that described by bulk viscoelasticity. For instance, at the nanoscale, mucus is a heterogeneous network of mucin fibers, nonmucin proteins, cell debris, lipids, DNA, actin filaments, and salts in a low-viscosity interstitial fluid (1) . Similarly, tissue ECM, although soft solid-like in bulk, is an interconnected mesh of elongated protein fibers riddled with pores that are filled with low-viscosity interstitial fluids.
Microrheological techniques based on the generalized StokesEinstein relation (2) (3) (4) (5) are capable of converting the observed diffusion of probes of controlled hydrodynamic size into a measure of the frequency-dependent viscoelasticity. Similarly, the use of optical tweezers constitutes an active rheology method that has been used to describe mucus (6) and cancer cell (7) viscoelastic properties. However, such techniques typically use micrometerscale spheres as rheological probes and, thus, do not elucidate nanoscale rheology encountered in weakly constraining biological environments. Noninvasive measurement of nanoprobe diffusion in complex biological environments is outside the capability of a majority of current rheological techniques due to a lack of imaging penetration depth and/or the diffraction limit of the optical microscope. To access the frontier of nanoscale biorheology, techniques that characterize the diffusion of weakly constrained nanoprobes in biological environments are greatly needed. Such approaches can improve our understanding of disease pathogenesis and drug delivery.
Current techniques for studying nanoparticle diffusion in biological samples include multiple-particle tracking (MPT) and fluorescence recovery after photobleaching (FRAP), which have been used to characterize the nanostructure of mucus (8) and ECM of tumors (9) . The advantage of MPT is that it elucidates heterogeneous nanostructural properties encountered by individual fluorescent nanoparticles. However, MPT requires conSignificance Many diseases are characterized by nanostructural changes in connective fibers and soluble proteins, which can indicate or drive disease progression. Noninvasive methods sensitive to nanotopological changes in 3D tissue models can elucidate biophysical changes associated with disease progression. Nanoparticles probe their environment via their diffusion, which is impacted by the size and connectivity of pores into which they freely diffuse. Here, we show that optical coherence tomography provides depth-resolved imaging of gold nanorods (GNRs) to infer local biological nanotopology. We demonstrate the broad potential of this method by sensing changes in diffusion of GNRs in 3D models of mammary ECM and pulmonary mucus.
siderable image postprocessing to determine the particle tracks. In contrast, FRAP provides an ensemble-averaged measure of nanoparticle diffusion; this can be advantageous in providing a rapid average measure of an inherently stochastic process, although it loses heterogeneity on a size scale smaller than the optical resolution. Here, we describe a technique based on dynamic light scattering (DLS) of plasmonic gold nanorods (GNRs). Similar to FRAP, DLS provides an ensemble measurement averaged over the optical resolution volume. An advantage of DLS is that it is significantly faster than other techniques due to the short timescale of light-scattering fluctuations from nanoparticles, which typically exhibit decay constants <1 ms. Importantly, DLS is based on elastic light scattering and thus is amenable to optical coherence tomography (OCT), which provides depth-resolved imaging with penetration >1 mm, extending the capability to access optically thick tissues and 3D tissue models. At the same time, the plasmon resonance of GNRs is tunable into the near-infrared "biological window," (10, 11) making them particularly suitable as OCT-based diffusion probes in turbid biological tissues and mucus. DLS-OCT thus permits depth-resolved registration of the stochastic motion of GNRs within a complex and heterogeneous biological nanoenvironment.
In this research report, we demonstrate DLS-based OCT as a broad-based platform for minimally invasive imaging of the diffusion of GNRs in biological environments including in vitro ECM models and in vitro human bronchial-epithelial (hBE) mucus. OCT uses the principle of low-coherence interferometry to depth-resolve the backscattering profile of biological samples via coherence gating (12) , which has found applications in ophthalmology, cardiology, pulmonology, and oncology, among others (13) . Brownian motion of a collection of identical particles within each coherence volume produces a fluctuating backscattering OCT signal that can be related to the mean squared displacement and ultimately the diffusion coefficient of the particles (14) .
Traditional light-scattering techniques for characterizing diffusion include dynamic light scattering in the single-scattering regime (15, 16) and diffusing wave spectroscopy in the multiplescattering regime (17, 18) . Diffusion imaging with low-coherence interferometry-based techniques such as OCT are capable of probing dynamic systems in which the light-scattering transitions between single and multiple scattering due to their depth-gating capability (19, 20) . Dynamic light scattering and diffusing wave spectroscopy have been successfully used with probes of controlled hydrodynamic size to characterize the viscoelasticity of non-Newtonian fluids (18, 21) . Dynamic-light-scattering-based OCT is a growing area of research for studying particle diffusion in biological systems such as blood (22) (23) (24) . However, although its application for picoliter-volume rheology has been demonstrated (25, 26) , it has yet to be applied to applications in biorheology.
One challenge in biorheological OCT is the inherent difficulty in separating the light-scattering fluctuation signals of the probes from those of endogenous motile activities [such as adenosine triphosphate (ATP)-driven motions of cells or ciliary-driven transport of fluids]. We have chosen GNRs as light-scattering nanoprobes for the following reasons: (i) GNRs exhibit high light-scattering crosssections at their longitudinal surface plasmon resonance, which have been tuned in this study to match the near-infrared wavelength band used in the OCT system. (ii) The longitudinal surface plasmon resonance of GNRs is also highly polarization dependent (11, 27) , providing unique and rapid cross-polarized light-scattering fluctuations (due to rotational diffusion) that allow them to be easily distinguished. (iii) The structural anisotropy of GNRs can potentially provide new insights into the diffusion of anisotropic nanoparticles in biological media. (iv) The small size and the shape anisotropy of GNRs potentially improve the efficacy of topical delivery by more rapid permeation into tissue in comparison with larger gold nanoparticles.
To validate the efficacy of the proposed GNR-based biorheology, we first characterize the diffusion of GNRs in controlled polymer solutions that exhibit complex (non-Newtonian) mechanical behavior, and define a concentration regime that is weakly constrained. We then perform GNR diffusion imaging in two biological models where pathology is strongly linked to mechanical properties. The first is an in vitro ECM model of the human mammary stroma, in which the mechanical microenvironment may modulate breast cancer aggressiveness (28, 29) . The second is that of actively transporting pulmonary mucus, in which the viscoelastic properties of the mucus are modified in diseases such as chronic obstructive pulmonary disease and cystic fibrosis, leading to loss of mucociliary transport and chronic infection (30, 31) . This novel method for studying the heterogeneous nanomechanical environment in both of these models has broad-based potential for understanding structure-function relationships in human diseases.
Results and Discussion
Diffusion of GNRs in Semidilute Polymer Solutions Is Weakly Constrained.
The Brownian motion of nanoparticles in polymer solutions is dictated by the polymer concentration, molecular weight, and effective mesh size (average distance between adjacent polymer strands) (32) . At dilute polymer concentrations [c < c*, where c* is the overlap concentration (33)], nanoparticles predominantly probe the solvent, undergoing only intermittent collisions with individual polymer strands. As the polymer concentration exceeds the overlap concentration (c > c*), the presence of a polymer mesh is expected to hinder the diffusion of nanoparticles significantly (see diagrams of Fig. 1 ). The relative sizes of the hydrodynamic radius of the nanoparticles (R H ) and the effective polymer mesh size, characterized by the polymer correlation length (ξ), should therefore dictate the degree with which nanoparticles are hindered by their topological environ- , is plotted as a function of the ratio of the GNR hydrodynamic radius, R H , to the PEO correlation length, ξ. For R H /ξ < 2.2, D T is reduced by less than one order of magnitude from that of the solvent, which we define as the "weakly constrained" regime. However, at sufficiently large polymer concentrations such that R H /ξ > 2.2, D T is reduced by a factor of ∼100 or more compared with that in the solvent (n = 10, average and SD). Cartoons illustrate the constraints upon GNR diffusion by polymer solutions below their overlap concentration c* (Left), above c* and in the weakly constrained regime (Center), and in the strongly constrained regime (Right). (Inset) Representative TEM of PEGylated GNRs.
ment. Current passive rheological methods typically use microparticles that are highly constrained (R H >> ξ), and the bulk viscoelasticity is obtained from the measured particle dynamics. In contrast, the GNRs used in this study (R H ∼ 19−24 nm) are typically on the same size scale as ξ, presenting an appealing avenue to understand nanotopology that is otherwise not elucidated by bulk viscoelasticity measurements.
Previously, we validated that OCT measurements of the rotational diffusion (D R ) of GNRs in Newtonian (molecular) fluids are consistent with a combination of existing models for Stokes drag on cylinders, light scattering from plasmonic rods, and the Stokes-Einstein relation (34) , and that D R can be accurately depthresolved via coherence gating. Here, we extend this method to measure GNR diffusion in controlled, non-Newtonian (macromolecular) fluids of polyethylene oxide (PEO), noting that there are no readily available models to describe anisotropic probe diffusion in the R H ∼ ξ regime. Thus, these measurements provide a framework to understand subsequent experiments below in complex biological media.
In contrast to our previous study of molecular fluids, here, the molecular solvent (water) is kept constant while the concentration of PEO of fixed molecular weight (1 MDa) is increased above c*. At c*, the correlation length ξ is estimated to be 68 nm and to decrease monotonically as the concentration increases (35) . Importantly, we found that GNRs in PEO solutions exhibited isotropic autocorrelations that were well described by a single exponential decay at concentrations up to 10c* (SI Text), which was used to unambiguously define D T over the timescale of the measurement. This is in contrast to what is observed in the strongly constrained regime (c >> c*), where deviations from a single exponential are observed due to the polymer viscoelasticity (2) .
As shown in Fig. 1 , we observed that the GNRs are weakly constrained by PEO in the semidilute concentration regime for R H /ξ < 2.2 (i.e., D T is slowed down by less than a factor of 10 compared with that in the solvent). However, at sufficiently large concentrations such that R H /ξ > 2.2, translational diffusion of GNRs is significantly hindered (i.e., D T is slowed down by a factor of ∼100 or more compared with that in pure solvent). Here, we define "weakly constrained" as the regime in which 0.1 × D T,solvent < D T < D T,solvent . Within this weakly constrained regime, we found that the D T of GNRs is sensitive to changes in ξ of the controlled PEO solutions with a power law of ∼1. This range of D T provides a baseline to understand similar obstructed and yet weakly constrained diffusion that GNRs undergo as they percolate through networks, meshes, and pores in the following studies in complex biological fluids and soft solids.
Diffusion of GNRs in in Vitro ECM Models Is Sensitive to Collagen
Concentration and Stromal Cell Concentration. The mammary gland in vivo consists of epithelial tissue that forms the mammary ducts; these are embedded in a complex, 3D network comprised of ECM produced and maintained predominantly by stromal fibroblasts. ECM provides structural scaffolding as well as biochemical and biomechanical contextual information to signal appropriate cellular responses (36) . Three-dimensional tissue culture models composed of gelatinous proteins, such as collagen I and Matrigel, have been successfully used as surrogate models to mimic the structure and function of the ECM in controlled biological studies (37) (38) (39) , and have been shown to recapitulate various aspects of in vivo tissue behavior (40) . Previous studies in the context of drug delivery have highlighted the role of ECM pores for the delivery of nanoscale probes (41, 42) .
To elucidate the effect of ECM concentration on GNR diffusion, GNRs (R H ∼ 24 nm) were topically added to 1−3 mg/mL collagen I ECM models. Collagen I gel pore sizes have been estimated to range from ∼100 to 500 nm at concentrations from 20 to 2 mg/mL, respectively (42). Based on the R H of GNRs relative to the size of the collagen pores, GNRs are expected to be weakly constrained within the ECM interstitial space. An increased collagen I concentration corresponds to decreased pore size and also an increase in unassembled collagen I in the interstitial space (42) . On the bulk scale, increased collagen I concentration is observed to make the gels palpably stiffer (increased elastic modulus).
Collagen I ECM imaged with OCT after overnight topical addition of GNRs revealed strong and spatially homogeneous HH (copolarized) and HV (cross-polarized) contrast compared with control gel, suggesting a homogeneous distribution of GNRs within the gels. Fig. 2A shows the isotropic autocorrelations, g (1) ISO (τ), which portray a decrease in D T as the concentration of collagen I increases (see SI Text for details). As a comparison, D T was measured in the solvent alone, which fills the interstitial space of the collagen I gels. The data suggest that the translational motion of the GNRs in the interstitial space of the collagen I gels is slower than that in the solvent, which can be attributed to the increased obstructions presented by the ECM matrix. Importantly, in this weakly constrained regime, GNR diffusion is observed to be sensitive to collagen I concentration while also maintaining sufficient diffusivity for overnight topical application. Using GNRs as minimally invasive diffusion probes with OCT imaging thus offers the possibility to longitudinally monitor ECM remodeling processes, which are ubiquitous in pathogenesis and disease progression. Toward this end, we then studied the response of GNR diffusion within a mammary tissue model containing reduction mammoplasty fibroblasts (RMFs) expressing green fluorescent protein (GFP). Fibroblasts are the principal cellular components of connective tissues, and act to maintain and modify ECM by adhering and applying tension to ECM fibers (43) , depositing collagen [as during wound healing (44)], and even enzymatically degrading ECM [as during tumorigenesis (45)]. To understand nanoscale changes to the ECM pores brought about by fibroblasts, GFP-modified RMFs were seeded in collagen I:Matrigel at varying concentrations (100−500 cells per μL) and maintained for 48−96 h before overnight topical administration of GNRs. Because fibroblasts predominantly scatter copolarized light, HV OCT was used to identify regions of GNRs (i.e., high HV signal) from fibroblasts (i.e., apparent voids in HV images) (Fig. 2B) . Thresholding (Materials and Methods) was used to ensure that diffusion analysis was only performed in regions of ECM containing GNRs and devoid of RMFs. Fluorescence images of the cultures immediately before GNR administration (Fig. 2C ) verified that there was a monotonically increasing cell density with both incubation time and cell seeding density.
Measurements of D T of GNRs within the 3D tissue models are summarized in Fig. 2D . GNRs within the ECM exhibited significantly decreased D T with increasing RMF cell seed density at each of the incubation times measured, with the exception of the highest seed density of 500 cells per μL at 48 h (see SI Text for details). At 500 cells per μL, the high cell densities (as evidenced in Fig. 2C ) may have caused increased competition for media serum and/or cell death to partially reverse the observed trend. However, for cell seed densities up to 300 per μL, at each of the time points there was a reduction in D T with cell seed concentration. Two additional experiments were conducted to demonstrate the reproducibility of this trend (see SI Text for details). In those experiments, statistically significant reductions in D T with increasing RMF cell seed density were evident at 72 and 96 h, but not at the earliest time point of 48 h. This suggests slower cell growth and/or smaller seed densities (within cell-counting error) at earlier time points. Importantly, D T decreased significantly with increasing seed density at later time points in all three experiments, reinforcing our conclusion that GNRs sense ECM changes as fibroblasts grow.
The reduction in D T of GNRs with fibroblast concentration may be explained by fibroblast strain stiffening of the ECM and/or additional collagen deposition. Qualitative observations of the palpable stiffness and tension of these cultures suggest that strain stiffening is significant in modifying the bulk ECM mechanical properties at these culture conditions. At the same time, in the absence of cells, collagen I:Matrigel controls treated in the same way (including regular cell media changes) exhibited a gradual increase in D T (Fig. 2D) , which may evidence degradation of the ECM and/or deadsorption of structural proteins over time, and also suggests that the observed D T decrease with added RMFs may be due to the cells actively adding to the support structure of the ECM via collagen deposition. Given the relative difficulty of measuring bulk ECM viscoelastic properties with conventional rheometry (due to the softness of the materials and invasiveness of the measurements), GNR-based diffusion measurements offer a new and sensitive tool for minimally invasive monitoring of tissueremodeling processes.
OCT Discriminates Rapid Diffusion of GNRs from Motile Cellular
Activities in Heterogeneous Biological Samples. Biological samples display a variety of dynamical processes. The ability to monitor ECM properties with diffusive GNRs in such dynamic environments depends upon discrimination of the GNR light-scattering signal fluctuations from those of endogenous cells. Here, we show that D T of GNRs in ECM can be stably measured in an environment with high cellular motility. We use a mammary epithelial cell (MEC) line, MCF10A, that, over ∼2 wk in 3D monoculture, forms polarized spheroids with a central lumen that recapitulates many in vivo features of mammary ductal architecture (37, 46) . We have previously demonstrated that OCT provides excellent visualization of MEC spheroids (47), whereas MECs themselves cause detectible light-scattering fluctuations due to their motility (48) .
OCT imaging of GNRs topically added to a 3D culture reveals a region of negative contrast in HV due to the exclusion of GNRs from the spheroid formed by MCF10A cells (Fig. 3A) . Due to strong copolarized scattering from the spheroid, its presence is masked in HH OCT against a background of highly scattering GNRs in the ECM. Thus, the OCT B-mode images (B mode: depth scans acquired across multiple transverse locations, i.e., x-z scans) show the presence of GNRs in the ECM and the lack of GNRs in the spheroid. Additional information on the timescales of GNR diffusion and cellular motility are evident from M-mode OCT imaging (M mode: temporal depth scans acquired at one transverse location, i.e., z-t scans). Both HH and HV M-mode data reveal increasingly rapid signal fluctuations in the ECM (shorter horizontal streaks in the M-mode intensity images) compared with those at the location of the MEC spheroid (longer horizontal streaks in the M-mode intensity images) (Fig. 3B) . Extraction of the 1/e decay constants from the HH and HV autocorrelations, τ HH and τ HV , allow us to quantify the timescales of these fluctuations.
We find that the ECM regions containing diffusing GNRs exhibited characteristically rapid decays, and in particular, that the cross-polarized decay mode is much faster than the copolarized mode (τ HV < τ HH ). In contrast, the MEC spheroid region exhibits comparatively longer decays that are more isotropic (τ HH ∼ τ HV ). This can be understood by considering the difference in light-scattering properties of the plasmon-resonant GNRs and the cells in the MEC spheroids. GNRs depict strong polarization-dependent scattering due to plasmon resonance, scattering light into both the copolarized and cross-polarized channels, with rotational diffusion dominating the cross-polarized mode (SI Text). In comparison, cells are not plasmon resonant and are not strongly optically anisotropic; although some tissues exhibit birefringence, we observe that MEC spheroids exhibit little HV contrast. At the same time, larger cellular features (which cause refractive index inhomogeneities on the size scale of the wavelength λ) will tend to dominate the HH light-scattering signal from cells; these larger features experience larger hydrodynamic drag than nanosized objects and concomitantly slower motions (even considering the added energy from ATP metabolism). All of these expectations are consistent with our observations that there are slower and more equal (τ HH ∼ τ HV ) decay modes in the cells compared with GNRs.
In Fig. 3B , the depth-resolved τ HH exhibits a region above the spheroid (z of ∼320 μm) where it is longer compared with the surrounding ECM, whereas τ HV remains small; this feature implies that the scattering in this region is dominantly from the diffusing GNRs. This may evidence some heterogeneity in the ECM structure and/or a nearby MEC spheroid out-of-plane relative to the B-mode section. Within the rest of the ECM, D T of the GNRs was computed to be 3.2 ± 0.4 μm 2 /s, in a similar range as that observed in the collagen I:Matrigel ECM for the RMF study. Thus, OCT imaging of diffusive GNRs can reveal heterogeneous ECM properties, such as that caused by remodeling, while exhibiting characteristic decay modes that are distinguishable from endogenous motile activities of cells.
Diffusion of GNRs in Airway Mucus Is Sensitive to Physiologically
Relevant Changes in Mucus Concentration. Mucociliary clearance is a vital respiratory defense mechanism that involves trapping inhaled pathogens, toxins, and particulates within the mucus layer lining the airway epithelium and a continuous clearance of mucus by rhythmic beating of cilia in the periciliary layer (PCL) of the epithelium (49) . Normal mucociliary clearance is disrupted in respiratory diseases such as cystic fibrosis and chronic obstructive pulmonary disease, which results in more viscous and thicker-layered mucus due to reduced solvent (in cystic fibrosis) or increased mucin content (in chronic obstructive pulmonary disease). To noninvasively image these dynamic processes within the respiratory epithelium, relevant metrics such as mucus flow, mucus layer thickness, ciliary beat frequency, and PCL thickness have been investigated using OCT (50, 51) . To complement such efforts, additional information about the mucus viscosity (and associated mucin content) using diffusive, muco-inert GNRs with OCT can provide key biophysical data to understand the mechanism of mucociliary clearance and its breakdown in disease. It can also provide insight in devising mucus-penetrating particles for efficient drug delivery.
Mucus used in this report was derived from well-differentiated in vitro hBE cultures maintained at an air-liquid interface (ALI) (49, 52) . Because increased mucus concentration beyond the normal range [∼2% (wt/wt) solid] (49) has previously been correlated with the pathogenesis of airway disease (31, 53) , the concentration of airway mucus was explored from the physiologically normal to diseased range [1.5−3.5% (wt/wt) solid]. PEGylated GNRs were diffused in the mucus samples and M-mode OCT imaging was performed to extract the diffusion coefficients of the GNRs. The resulting isotropic autocorrelations are well described by a single exponential decay, and are separated at varying mucus concentrations (Fig. 4A) . The corresponding D T of GNRs is observed to monotonically decrease with increasing mucus concentration over the measured range. Compared with the solvent (1× PBS), the measured D T of GNRs in the mucus samples are slowed less than 10-fold, demonstrating that the GNRs are weakly constrained in the mucus mesh. This suggests that mucus, despite being a viscoelastic gel in bulk, behaves as a viscous fluid at the length scale of the GNRs with the mucus macromolecules presenting intermittent obstruction to the diffusion of GNRs. Additionally, this implies that GNRs with a nonadherent 1-kDa PEG surface coating are able to rapidly percolate through the mucus mesh that otherwise efficiently traps a majority of exogenous particles, which corroborates the selective permeability of mucus based on the size of the penetrating particles (54) .
OCT Imaging of GNRs in Mucus over an ALI Culture Reveals Diffusion in Mucus and Exclusion of GNRs in the PCL. ALI cultures recapitulate features of human airway epithelium including cell polarization, formation of a contiguous epithelium, active exclusion of liquid from the apical surface, mucus secretion and accumulation, and coordination of ciliary beating that results in effective mucus transport (52) . Here, we use ALI cultures to demonstrate that GNR diffusion in mucus can be accurately measured in an actively transporting system, while elucidating the ability to depthresolve properties within the mucus layer. GNRs were diffused in mucus at 2.5% (wt/wt) solids and deposited over a transporting ALI culture. The rate of mucus transport on similar samples has been estimated to be ∼20 μm/s (50). B-mode images revealed strong GNR contrast in both HH and HV, whereas contrast in HH only that was relatively weaker was observed from the hBE cell layer (Fig. 4B) . The normalized cross-polarized (CP) image, a method previously developed for GNR differentiation in a 3D tissue model (48) , clearly differentiates regions containing GNRs (high CP) compared with cells (low CP) and background noise (neutral CP ∼ 0.5). GNRs appear to be excluded from the apparent hBE cell layer, with an exclusion layer of ∼45-μm thickness that is consistent with the typical range of thicknesses of native, healthy bronchi (55) .
This interpretation is further corroborated by the temporal data (Fig. 4 C and D) . A region of diffusive GNRs is evident by a short τ HV and a comparatively longer τ HH , which appears from the top surface down to ∼400-μm depth. In contrast, endogenous light-scattering fluctuations from ciliary activity within the PCL and motility within hBE cells are indicated by longer and nearly equal τ HH and τ HV . Time constants within the stationary membrane supporting the cells become even larger. GNRs in the transporting mucus exhibited D T of 2.9 ± 0.3 μm (Fig. 4A) . The predominantly transverse flow of the mucus thus did not significantly affect the D T of GNRs measured over the transporting ALI culture, which can be explained by the fact that the mucus traverses a very short distance (<20 nm) over the GNR decay time (τ 1/e < 1 ms) in comparison with the focal spot size used in the OCT system (12 μm).
Interestingly, τ HH and τ HV are relatively constant over most of the mucus layer. Slight increases are noted at depths of ∼100 and 290 μm, which exhibit corresponding bright regions in the OCT images; these may be inhomogeneities in the mucus itself. However, at ∼420 μm, a large peak in τ HH and τ HV appears at a depth slightly above the apparent hBE region (i.e., above the region exhibiting characteristically low CP). Because the peak appears isotropic (τ HH ∼ τ HV ), it is unlikely to be caused by freely diffusing GNRs and may be explained by ciliary activity within the PCL, which is known to have a height of ∼5−10 μm (8, 50). Below ∼430 μm, the decay constants settle to relatively large and isotropic values within the apparent hBE region, which corresponds to the longer timescale of hBE activity relative to the GNR diffusion. Although the mucus layer used in this study was unusually thick to validate the ability for OCT to penetrate a thick, disease-like state of the epithelium, future studies as a function of mucus thickness may elucidate depth-resolved changes in mucus properties near the PCL, such as shear thinning due to shear forces applied by cilia during transport.
The measurements suggest that GNRs at all depths in the mucus probe the solvent within the mucus mesh with intermittent obstruction from mucin strands, trapped debris, and other constituent macromolecules in mucus, with insignificant perturbation from mucociliary transport within the timescale of the measurement. The use of GNRs in OCT imaging of transporting mucus thus not only simultaneously probes the diffusion of GNRs and slower cellular activities but also elucidates the defensive role the epithelium plays in excluding nanoscale particles. Moreover, the diffusion of GNRs in mucus has implications in understanding the semipermeable nature of mucus in trapping or allowing passage of exogenous particles, which can supplement current efforts in designing efficient mucus-penetrating particles (8, 56, 57) .
Conclusion
We have demonstrated the utility of OCT to noninvasively monitor the diffusion of GNRs as they navigate the nanotopology of complex biological fluids and soft solids. The optical tunability and polarization-sensitive scattering of GNRs allows discrimination of their light-scattering signals from those of neighboring cells. In controlled, semidilute polymer solutions, we identified a regime of weakly constrained GNRs that provided a foundation for understanding similar obstructed diffusion in interstitial spaces and pores in complex biological fluids and soft solids.
In soft solids, our results suggested that GNRs were diffusive and weakly constrained in the interstitial space of ECM composed of pure collagen or collagen and Matrigel. Their diffusion was sensitive to ECM concentration, corresponding to a decrease in pore sizes between the ECM fibers and an increase in unassembled ECM fibers in the interstitial space. GNR diffusion was also sensitive to stromal cell density and culture time, demonstrating the ability to monitor ECM-remodeling processes with this technique. Importantly, GNRs were delivered topically into 3D tissue models, a delivery method that is minimally invasive to the biological system, whereas OCT provided excellent visualization and depth penetration in the optically thick system, which will be favorable for longitudinal studies of disease progression. At the same time, light-scattering fluctuation signals from GNRs were clearly distinguishable from those of cells based on the unique anisotropic and plasmon-resonant characteristics of the GNRs, whereas PEGylation of GNRs prevented significant adherence to ECM proteins or cellular uptake. These features enable a platform for monitoring tissue-remodeling processes such as those related to carcinogenesis.
In biological fluids, it was found that the diffusion of GNRs was sensitive to in vitro hBE mucus for concentrations ranging from physiologically normal to diseased. The muco-inert PEG coating on the GNRs was observed to minimize trapping, as GNRs exhibited weakly constrained diffusion at all mucus concentrations studied. At the same time, D T measurements of GNRs were stable in actively transporting mucus; taken in combination with the high permeability of GNRs, which is favorable for topical delivery, these features suggest that this method has translational potential for in vivo studies of mucus mechanical properties, and may enable real-time monitoring of mucus-thinning therapies used in cystic fibrosis and chronic obstructive pulmonary disease. The ability for OCT to monitor the diffusion and penetration of GNRs into thick pulmonary mucus may also be favorable for studying nanoparticle-based drug delivery across the mucus barrier.
As an imaging technology, the study of diffusion with OCT is only in its infancy. The use of GNRs demonstrated here offers a highly controlled platform to understand biological nanotopology, whereas new nanoparticle designs or endogenous particle-imaging targets may offer further insights at different size and timescales within viscoelastic media. These methods will also benefit from further development of models to describe anisotropic probe diffusion in complex media. In the field of biomedicine, the truly broad-based technique described here can be immediately applied to pursuits in understanding disease pathogenesis, progression, and treatment.
Materials and Methods
GNR Synthesis and Characterization. GNRs were synthesized following a procedure that some of the authors recently reported (58) , which involves stabilization by cetyltrimethylammonium bromide. Subsequent PEGylation of GNRs was performed, using poly(ethylene glycol) methyl ether thiol (SigmaAldrich) of 1-kDa molecular weight to avoid adherence with mucus or ECM proteins. Transmission electron microscopy (TEM) was performed and the sizes of n = 99 GNRs were measured for each batch, which were 83 ± 7 × 22 ± 3 nm (batch 1) and 62 ± 10 × 18 ± 4 nm (batch 2). The PEG coating thickness was estimated to be 0.48 nm based on TEM measurements of the minimum spacing between GNRs, divided by 2. The hydrodynamic radius R H of each batch was defined as the R H of a sphere of equivalent D T , by equating D T for a sphere to that for cylinders (59) , resulting in the following expression: where L and w are the GNR length and width, respectively, after accounting for the PEG coating thickness. This resulted in R H = 24 ± 2 and 19 ± 3 nm for batches 1 and 2, respectively. All studies were performed with GNRs at a final concentration between 6.8 × 10 7 and 2.4 × 10 8 GNRs per μL, corresponding to ∼14-68 GNRs per coherence volume, which is sufficiently small to avoid GNR-GNR collisions over the decay time of the fluctuations.
OCT System. OCT was performed using a custom, ultrahigh-resolution, spectraldomain optical coherence tomography system (see SI Text for details), described in detail previously (34) . Briefly, the OCT system light source is a Ti:sapphire laser (Griffin; KMLabs) with 800-nm center wavelength and ∼125-nm bandwidth, with 3. Because GNRs were in a low-viscosity medium of predominantly water, in comparison with our earlier study in high-viscosity solutions (34), the autocorrelation decay times associated with D R were too rapid for our OCT line scan camera. Thus, the longer decay times associated with D T are used exclusively in this paper to define GNR diffusivity.
The D T of GNRs was evaluated by analyzing the copolarized and crosspolarized complex M-mode OCT signals,S HH ðz,tÞ andS HV ðz,tÞ. Fluctuations in the real and imaginary parts of these signals were isolated by subtracting their mean at each z pixel. Autocorrelations of these fluctuations were then evaluated at each z pixel and normalized to obtain g (1)
HV (τ), and subsequently g ISO (τ) was averaged within depth windows of Δz ranging from 6 to 38 μm. D T was computed for each window by least-squares fitting of g ISO (τ) = e −q 2 DT τ for τ ranging from Δt (the sampling interval) to the decay constant, τ 1/e . The fitted τ 1/e was used to compute D T = (q 2 τ 1/e ) −1 , where q = 4πn/λ, and the refractive index was taken to be n water = 1.34. The average and SD of D T over all windows (n ≥ 6) were then reported. For depth-resolved plots of τ 1/e (denoted as τ HH and τ HV , respectively), g
HH (τ) and g
(1)
HV (τ) were averaged using a window size of Δz = 4.5 μm.
The reported diffusion coefficient for an ensemble of GNRs represents an estimate up to a time lag of τ 1/e assuming that viscous drag is the dominant hindrance to diffusion; it thus ignores elastic contributions within that duration. In all of the biological samples reported here, we observed no significant deviation of g (1) ISO (τ) from that of a single exponential up to τ 1/e , whereas the polymer experiments revealed elastic contributions only for excessively small mesh sizes (in the strongly constrained regime), as shown in SI Text.
Polymer Solutions. Solutions were prepared in 1× PBS containing GNRs and 1-MDa PEO (Sigma-Aldrich) with final concentrations varying from 0.13% to 5% (wt/wt) corresponding to correlation lengths varying from 67 to 4 nm, respectively. The correlation length ξ was calculated using ξ = R g (c*/c) 0.75 , according to ref. 35 , where R g is the radius of gyration of PEO estimated using an experimentally established dependence (61) . Solutions were homogenized by stirring for several days. GNRs from batches 1 and 2 were used with PEO solutions at 0.13−1.25% (wt/wt) and 2.5−5% (wt/wt), respectively, for D T measurements. D T,solvent was taken as the theoretical value according to ref. 59 .
Three-Dimensional Mammary Cell Cultures. The reduction mammoplasty fibroblast (RMF-GFP) is a stable cell line that constitutively expresses GFP (62) . RMF-GFPs were maintained as previously published (28) in RPMI medium. GFP expression was obtained through a lentiviral infection with puromycin as the selection antibiotic. MCF10A is a mammary epithelial cell line (MEC), which was maintained as previously published (47) in DMEM/F12 media. For the collagen study, collagen I (BD Biosciences) at 1−3 mg/mL final concentration was gelled in DMEM/F12 media. For studies with cells, 1:1 collagen I: Matrigel (BD Biosciences) was prepared and seeded with RMF-GFP or MEC as described previously (47) , with the final collagen I concentration at 1 mg/mL. RMF-GFP 3D cultures were seeded at three different concentrations (100, 300, and 500 cells per μL) and were incubated for 48, 72, and 96 h. MEC 3D cultures were seeded at 30 cells per μL and were incubated for 2 wk. All 3D cultures were maintained at 37°C and 5% CO 2 with daily media (RPMI for RMF-GFP cultures and DMEM/F12 for MEC cultures) changes until imaging.
One day before imaging, GNRs from batch 1 were dispersed into collagen I samples and RMF 3D cultures, whereas GNRs from batch 2 were dispersed into MEC 3D cultures, by exchanging 200 μL of cell culture media containing GNRs with the existing cell media. To accurately measure D T in the RMF cultures, regions containing RMFs were removed from the analysis by the merit of their minimal signal in cross-polarization (HV) OCT. Specifically, an automated routine segmented the region of interest (ROI) as that from the top surface of the sample down to the first pixel in HV with intensity less than a threshold. This resulted in the ROI of each sample to always range from the surface of the sample to a depth for which cellular structure was detected.
Statistical analysis to compare D T of GNRs between different datasets was performed as follows. For the collagen study, a homoscedastic, two-tailed t test was chosen based on the assumption of equal variance of GNR diffusion in all samples. For the RMF study, a heteroscedastic, two-tailed t test was chosen to compare cell densities based on the assumption of different variance of data. In both studies, significance was considered for values of P < 0.0083 after Bonferroni correction for multiple comparisons.
Airway Mucus and ALI Bronchi-Epithelial Cell Cultures. Primary, normal hBE cells were harvested from excess surgical tissue procured by the University of North Carolina (UNC) Tissue Core Facility and then cultured on a 0.4-mm poresized Millicell (Millipore) coated with collagen and maintained in ALI media (UNC Tissue Core) as described in ref. 63 . After 6 wk, hBE cells were confluent with fully developed cilia and the ability to transport mucus for transporting ALI studies. Mucus was harvested from these cultures as previously described (31, 64, 65) . Once cultures reached confluence, washings from >100 cultures were pooled and then concentrated against Spectra/Gel. Mucus specimens were then dialyzed against PBS to ensure isotonicity as previously described (31, 64) . D T measurements were obtained of GNRs (batch 1) combined with hBE mucus at varying dilutions in 1× PBS. Subsequently, one batch of hBE mucus at 2.5% (wt/ wt) solids with GNRs was introduced onto the top of a transporting ALI culture for both D T measurements and B-mode OCT imaging. D T,solvent was taken as the experimental value in 1× PBS.
